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1-7-29 Suehiro-cho Telomeres are protein/DNA complexes that make up the
Tsurumi-ku physical ends of eukaryotic linear chromosomes and
Yokohama 230-0045 are essential for the chromosome stability. They protect
Japan the chromosome ends from degradation and end-to-
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University of California rich sequence element, usually 5–8 base pairs in length,
San Francisco followed by a single-stranded 3 tail [1–3]. The double-
3Medical Research Council stranded repeats of telomeric DNA are bound by specific
Laboratory of Molecular Biology proteins, such as Rap1p of budding yeast, Taz1p of
Cambridge fission yeast, RTBP1 of rice, and TRF1 and TRF2 of
United Kingdom vertebrates [4–10]. These telomeric proteins play an im-
4Genomic Sciences Center portant role in the negative regulation of telomere elon-
RIKEN Yokohama Institute gation [6, 11–13] and are structurally related to each
1-7-22 Suehiro-cho other; they all contain at least one Myb domain in their
Tsurumi-ku DNA binding domains [7, 14, 15].
Yokohama 230-0045 Vertebrate TRF1, TTAGGG repeat binding factor 1,
Japan contains three functional domains: an N-terminal acidic
domain, a central TRF-specific/dimerization domain
[16], and a C-terminal DNA binding domain [8]. The DNA
binding domain of TRF1 is related in sequence to theSummary
Myb repeats present in the DNA binding domain of the
transcriptional activator c-Myb [8]. Whereas TRF1 con-Background: Mammalian telomeres consist of long
tains only a single Myb domain but binds to DNA as atandem arrays of double-stranded TTAGGG sequence
dimer, the DNA binding domain of c-Myb consists ofmotif packaged by TRF1 and TRF2. In contrast to the
three imperfect tandem Myb repeats, R1, R2, and R3DNA binding domain of c-Myb, which consists of three
[17, 18]. Our determination of the three-dimensionalimperfect tandem repeats, DNA binding domains of both
structure of the Myb domain from human TRF1 by NMRTRF1 and TRF2 contain only a single Myb repeat. In a
[19] confirmed the presence of a Myb domain in TRF1.DNA complex of c-Myb, both the second and third re-
As was expected, it has a three-dimensional structurepeats are closely packed in the major groove of DNA
closely related to each of the three Myb repeats in c-Myband recognize a specific base sequence cooperatively.
[20, 21] and consists of a 3 helix bundle. In the 3 helix
bundle of the Myb domain, the second and third helices
Results: The structure of the DNA binding domain of form a helix-turn-helix (HTH) variant motif. For the se-
human TRF1 bound to telomeric DNA has been deter- quence-specific DNA binding of c-Myb, both R2 and R3
mined by NMR. It consists of three helices, whose archi- are essential and sufficient, however; R1 has no specific
tecture is very close to that of three repeats of the c-Myb role in the DNA binding [23, 22].
DNA binding domain. Only the single Myb domain of So far the only available information on how telomeric
TRF1 is sufficient for the sequence-specific recognition. protein recognizes double-stranded DNA comes from
The third helix of TRF1 recognizes the TAGGG part in the crystal structure of the DNA binding domain of
the major groove, and the N-terminal arm interacts with Rap1p from budding yeast, Saccharomyces cerevisiae,
the TT part in the minor groove. in complex with a telomere DNA binding site [24, 25].
The structural information reveals that despite a lack
of sequence similarity with other known DNA bindingConclusions: The DNA binding domain of TRF1 can
domains, the DNA binding domain of Rap1p containsspecifically and fully recognize the AGGGTT sequence.
two structurally similar subdomains, D1 and D2. TheseIt is likely that, in the dimer of TRF1, two DNA binding
subdomains are structurally closely related to both Mybdomains can bind independently in tandem arrays to
repeats and homeodomains [24]. Myb repeats and ho-two binding sites of telomeric DNA that is composed of
meodomains both belong to the super family of the HTHthe repeated AGGGTT motif. Although TRF2 plays an
DNA binding motif, but they bind to DNA somewhatimportant role in the t loop formation that protects the
ends of telomeres, it is likely that the binding mode




Figure 1. Amino Acid Sequence of the TRF1 DNA Binding Domain with Base Sequence of the Telomeric DNA Used in this Experiment and a
Representative Spectrum of the DNA Binding Domain Bound to DNA
(a) Sequence alignment of DNA binding domains of human TRF1, murine TRF1, human TRF2, murine TRF2, RTBP1, and Taz1p with two
subdomains from Rap1p and three repeats of DNA binding domains from c-Myb. Well-conserved residues involved in the hydrophobic core
are boxed in green. The three typically conserved tryptophans and two pairs of polar residues that form an intramolecular salt bridge, connected
with blue lines, are denoted in red letters (or in pink if they are not identical but similar) and orange letters (yellow if they are not identical but
similar), respectively. Three helical regions are underlined. Amino acids that interact with DNA bases are indicated by closed circles, those
that interact with the sugar-phosphate backbone are indicated by open triangles, and those that interact with both of them are indicated by
closed triangles.
(b) Sequence of the DNA duplex. The numbering scheme used in this paper is shown.
(c) Representative 3D 13C-edited (F1), 13C-filtered (F3) HSQC-NOESY spectrum of a doubly 13C- and 15N-labeled DNA binding domain bound
to nonlabeled DNA.
differently. As defined from the specific interactions by sites separated by eight base pairs and are arranged
on the DNA in a tandem orientation. By contrast, in thethe HTH motif in the major groove and an N-terminal
arm in the minor groove, the two Rap1p subdomains structure of the minimal DNA binding domain of c-Myb
in complex with DNA, R2 and R3 are closely packedbind to DNA as homeodomains. A long linker connects
the two subdomains; both recognize two core TGTGG in the major groove of DNA and recognize the short
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Table 1. Number of Parameters and Structural Statistics for TRF1 DNA Binding Domain and Its DNA Complex
Number of Experimental Restraints
Protein TRF1-DNA TRF1
Distance restraints 901 888
intraresidue 156 203
sequential (| i  j |  1) 263 237
short range (| i  j |  5) 273 242










Rms Deviation from Experimental Restraints
SAb SAr SA SAr
Distance (A˚) 0.011  0.001 0.011 0.005  0.001 0.004
Dihedral () 0.261  0.353 0.158 0.031  0.091 0.000
Rms Deviation from Idealized Geometry
Bonds (A˚) 0.005  0.000 0.005 0.005  0.000 0.005
Angle () 1.661  0.045 1.619 1.509  0.045 1.514
Impropers () 2.322  0.334 2.195 1.837  0.430 1.560
Energetics (kcal/mol)
ELJ 882.2  7.221 889.8 392.0  7.835 383.8
Rms Devations from Mean Coordinate (A˚; Backbone/All Heavy Atoms)
Proteinc 0.50  0.06/1.12  0.09 0.46  0.05/1.06  0.05
DNAd 0.66  0.08/0.70  0.06
Protein 	 DNA 0.65  0.04/0.97  0.06
Ramachandran plot (%)e
Residues in favored regions 77.8 79.7
allowed regions 19.3 15.2
accepted regions 3.0 4.9
disallowed regions 0.0 0.2
a Hydrogen bond restraints and ring-to-ring restraints are additionally applied through 4D simulated annealing to maintain the base pair
planarity.
bSA represents the average value for the NMR final structures, and SAr represents the refined averaged structure.
c Residues 380–429 are superimposed for the DNA complex, and residues 383–429 are superimposed for the free form protein.
d Base pairs 1–11 (3–13) are superimposed.
e PROCHECK-NMR [55].
consensus binding site TAACNG in a cooperative man- extends the DNA binding surface by contacting bases
in the minor groove of DNA. Although this mode of bind-ner [22]. In contrast, TRF1 contains only the single Myb
domain in its C terminus and forms a stable homodimer ing is similar to that seen for homeodomains and the
two subdomains of Rap1p, subtle differences in thevia the central TRF-specific/dimerization domain. It si-
multaneously engages two Myb domains on DNA with- structure of the protein result in differences in the spatial
arrangement of the DNA binding domain of TRF1 onout showing any cooperativity [26]. Whereas any single
Myb domain from c-Myb is insufficient for sequence- DNA. The arrangement of the 3 helix bundle in the major
groove is more similar to that of the c-Myb repeats [22]specific recognition of DNA [23], the isolated single Myb
domain of TRF1 can bind with a significant affinity in rather than to that of the subdomains of Rap1p [24] or
the homeodomains so far examined [28]. In addition,vitro to double-stranded DNA of human telomeres [27].
Here, we have used NMR to determine the three- we studied each base pair’s contribution to recognition
by using NMR and various mutant DNA molecules.dimensional structure of the complex between the DNA
binding domain of human TRF1 and a telomeric DNA Model-building studies suggest that TRF1 can bind con-
tinuously to the tandemly arranged AGGGTT sequencebinding site. The most novel feature of the structure is
that, in addition to the contacts made in the major groove repeats of human telomeres without any steric clashes.
The amino acid sequence of the DNA binding domainby the DNA recognition helix of the HTH motif, an
N-terminal arm becomes ordered upon DNA binding and of TRF2 is very close to that of TRF1, and almost all
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Figure 2. Structures of the DNA Binding Do-
main of Human TRF1
(a) Stereo view of the superpositions of 20
NMR structures of the DNA binding domain
bound to the 13mer DNA. The backbone
atoms (N, C
, C) of the DNA binding domain,
amino acids Arg 378–Ser 435, are shown in
orange, and all heavy atoms of DNA are
shown in blue.
(b) Front and rear views of superpositions of
protein part of the 20 NMR structures of the
DNA bound form.
(c) Front and rear views of superpositions of
the 25 NMR structures of the DNA-free form.
(d) Heteronuclear NOE values of the DNA-
free (open circle) and bound forms (closed
rhombi). Three helical regions are indicated
at the bottom as cylinders. The figures were
generated with the program SYBYL (Tripos,
St. Louis, MO).
amino acids that interact with DNA in the DNA complex that protects the ends of telomeres, it is likely that the
binding mode of TRF2 to double-stranded telomericof TRF1 are conserved in TRF2. Although TRF2 plays
an essential role in the stable formation of the t loop DNA is almost identical to that of TRF1.
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Figure 3. DNA Recognition Mode of the TRF1 DNA Binding Domain
(a) Summary of intermolecular contacts observed in the DNA complex. Black arrows indicate hydrophilic contacts, and broken arrows indicate
hydrophobic contacts. For amino acids that interact with DNA, contact frequencies over 70% in the 20 NMR structures are shown in blue,
and the frequencies between 30% and 70% are shown in light blue. Mixed colors indicate that interaction frequencies in both ranges are
observed.
(b) The interaction mode in the minor groove of DNA. The side chain of Arg 380, a part of protein backbone, and an averaged DNA structure
are shown; at left, the structural ensemble of the protein part and, at right, an averaged protein part structure are shown. Backbones of
protein, DNA, and bases are colored in yellow, green, and cyan, respectively, except for the residues involved in the intermolecular interactions.
(c) The interaction mode of Lys 421 in the major groove of DNA. The figures were generated with the program SYBYL (Tripos, St. Louis, MO).
Results and Discussion our previous structure determination (residues 378–430)
[19], the structure of the unbound protein was also deter-
mined. For the complex with DNA, a 13mer DNA duplex,Structure Determination
The solution structure of the complex between the DNA 5-GTTAGGGTTAGGG-3, containing a single binding
site for the TRF1 Myb domain [27] was used. For bothbinding domain of human TRF1 and a telomeric DNA
binding site was determined with a conventional multidi- the DNA bound and unbound forms, the final sets of 20
and 25 structures were generated by four-dimensionalmensional heteronuclear NMR method. The DNA bind-
ing domain, consisting of amino acids 371–439 of human (4D) simulated annealing with the program EMBOSS
[29], based on 1341 and 916 experimentally derived re-TRF1 (Figure 1a), with a methionine residue at its N
terminus was expressed in Escherichia coli with labeling straints, respectively, as summarized in Table 1.
Figure 2a shows 20 calculated structures of the TRF1by 15N or 15N/13C. Since this is longer than the one used in
Structure
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Figure 4. Titration Experiments of the DNA Binding Domain to 19 Kinds of 13mer DNA Molecules
Low field proton spectra showing the base-paired imino protons of DNA in addition to a low field-shifted resonance of an imino proton of
Trp 403 (a–d). The protein/DNA molar ratios are indicated above each spectrum.
(a) The titration for the wild-type 13mer DNA (wt) with the sequence shown in Figure 1b.
(b) The titration for a mutant (A10T) in which the tenth position, A in the wild-type, is replaced by T.
(c) The titration for a mutant (A4T) in which the fourth position, A in the wild-type, is replaced by T.
(d) The titration for a nonspecific 13mer DNA duplex (ns).
(e) Summary of the binding affinities of 19 kinds of DNA molecules. The wild-type in group 1 has the strongest DNA binding ability, as shown
in (a); in group 2, three mutants still have a rather specific binding ability, as shown in (b); in group 3, all mutants lose the specific DNA binding
activity, as shown in (c); and the nonspecific DNA in group 4 has lost its binding ability, as shown in (d). The sequences of DNA molecules
used here are as follows: wt, GTTAGGGTTAGGG; T3A, GTAAGGGTTAGGG; T9A, GTTAGGGTAAGGG; A10T, GTTAGGGTTTGGG; A4G, GTT
GGGGTTAGGG; T8A, GTTAGGGATAGGG; T8G, GTTAGGGGTAGGG; T8C, GTTAGGGCTAGGG; T9G, GTTAGGGTGAGGG; T9C, GTTAGGGTCA
GGG; T3AT9A, GTAAGGGTAAGGG; A4T, GTTTGGGTTAGGG; G5C, GTTACGGTTAGGG; G6C, GTTAGCGTTAGGG; G7C, GTTAGGCTTA
GGG; A4TA10T, GTTTGGGTTTGGG; A4CA10C, GTTCGGGTTCGGG; A4GA10G, GTTGGGGTTGGGG; ns13, ACTGTCATAAATC.
Myb domain-DNA complex. None of the calculated are well defined in our calculations except for nine
N-terminal and six C-terminal residues, which have fewstructures showed violations of greater than 0.3 A˚ for
the distance constraints or greater than 5 for the dihe- NOEs and hence are likely to be flexible. The overall root-
mean-square (rms) deviations between the 20 individualdral angle restraints. The backbone conformations
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structures and an averaged structure are 0.65  0.04 A˚ binding through the interaction of Arg 380 to the TT
sequence in the minor groove of DNA and of neighboringfor backbone atoms and 0.97  0.06 A˚ for all heavy
atoms of amino acid residues Arg 380–Lys 429 and DNA residues Gln 381 and Trp 383 with the ribose-phosphate
backbone. A few C-terminal residues, Leu 430–Ile 433,bases G1–G11 as well as the counterpart C3–C13. Fig-
ure 2b shows the 20 calculated structures for only the are also stabilized upon binding to DNA, although not
as dramatically as are residues in the N terminus. Inprotein part in the DNA complex. The overall rms devia-
tions between 20 individual structures of the DNA bound addition, almost all residues in the bound form exhibit
stronger heteronuclear NOEs, suggesting that DNAform and an averaged structure are 0.50  0.06 A˚ for
backbone atoms and 1.12  0.09 A˚ for all heavy atoms binding stabilizes the DNA binding domain.
of amino acids Arg 380–Lys 429.
Figure 2c shows the 25 calculated structures of the
Telomeric DNA Recognition of TRF1DNA unbound form. None of the calculated structures
The TRF1 DNA binding domain specifically recognizesshowed violations of greater than 0.3 A˚ for the distance
DNA sequence both by placing the third helix, the “DNAconstraints or greater than 2 for the dihedral angle re-
recognition” helix, in the major groove and by placing thestraints. The backbone conformations are well defined
N-terminal arm across the ribose-phosphate backbone.in our calculations except for twelve N-terminal and six
The binding domain thus makes specific contacts in theC-terminal residues that do not have enough NOEs. The
minor groove of DNA (Figure 2a) and recognizes the se-overall rms deviations between 25 individual structures
quence TAGGGTT. Figure 3a gives a summary of theand an averaged structure are 0.46  0.05 A˚ for back-
interactions involved in DNA recognition by the TRF1bone atoms and 1.06  0.05 A˚ for all heavy atoms of
DNA binding domain. In the major groove, the methylamino acid residues Trp 383–Lys 429. The structure of
group of T3 is recognized by one of the methyl groupsthe DNA unbound form is essentially the same as that
of Val 418 and also by the methylene group of Ser 417.which was already determined for the shorter con-
Both A4 and G5 are probably recognized by Lys 421.struct [19].
The N7 and CO atoms of G6 are hydrogen bonded
by the guanidino group of Arg 425. Asp 422 probably
interacts with both amino groups of C7, the counterpartImmobilization of the N-Terminal Arm
upon Binding to DNA of G7, and C8, the counterpart of G6. The methyl group
of Met 419, together with one of the methyl groups ofStructures of both the DNA bound and unbound forms
of the DNA binding domain of TRF1 contain three helical Va1 418 and the methylene group of Asp 422, forms a
hydrophobic cluster on the molecular interface with DNAregions: helix 1 (Trp 385–Tyr 398), helix 2 (Trp 403–His
409), and helix 3 (Ser 417–Lys 429), together with two and interacts with bases of C7 and C8 and the back-
bone sugar of C7. In the minor groove, Arg 380 interactsturns, turn 1 (Gly 399–Asn 402) and turn 2 (Tyr 410–Thr
416), and a helical turn structure (Leu 430–Ile 433) di- with O2 of T9 and N3 of A6, the counterpart of T8, as
shown in Figure 3b. This minor-groove recognition isrectly adjacent to the C-terminal end of helix 3. The three
helices are maintained by a hydrophobic core formed reminiscent of homeodomains and the subdomains of
Rap1p [24, 25]. Homeodomains possess an arginine res-by amino acids Trp 383, Leu 391, Va1 395, Trp 403, Ile
406, Phe 412, Leu 420, Arg 423, Trp 424, and Met 427 idue recognizes AT-rich sequences in the minor groove
of DNA. For example, Mat
2 [30] and Ubx [31] homeodo-and also by two salt bridges formed by Glu 387–Arg 417
and Asp 388–Arg 423. Helices 2 and 3 form an HTH mains recognize TT, the Engrailed homeodomain recog-
nizes TA [32], and the Paired Box homeodomain recog-variant motif containing a turn that is three residues
longer than the corresponding turn in prototypic HTH nizes AT [33]. In Rap1p, a lysine from each subdomain
interacts with an A. In addition, the DNA binding domainproteins. The overall architectures of the DNA binding
domain in the DNA bound and unbound forms are very of TRF1 makes large number of nonspecific hydropho-
bic and electrostatic/hydrogen bonding interactionssimilar to each other; the rms difference is 0.89 A˚ for
the backbone atoms of amino acids Trp 383–Lys 429. with backbone sugars and phosphate groups of DNA:
Gln 381, Trp 383, Trp 403, Ser 404, Arg 415, Ser 417, MetThe most striking difference between the two forms
is found in the conformation of the N-terminal arm; com- 419, Lys 421, Arg 423, Thr 426, and Lys 429 (Figure 3a).
Interestingly, we also observe alternative side-chainpared to the corresponding region of the DNA-unbound
form, amino acids Arg 378–Ala 382 of the DNA bound conformations. In the 20 calculated structures of the
DNA bound form of the TRF1 DNA binding domain, Lysform take a rather rigid conformation, and they become
ordered upon DNA binding. As stated above, structural 421 does not have a rigid conformation and may fluctu-
ate around both G5 and the backbone phosphate group,comparison of the DNA bound and unbound forms of
the TRF1 DNA binding domain shows that the tertiary as shown in Figure 3c. The significant line-broadening
effects of the side-chain resonances of Lys 421 werestructure of the core 3 helix bundle, Trp 383–Lys 429,
is almost identical between the two forms; however, a observed, whereas Arg 425, which is located in the same
molecular interface of Lys 421 with DNA, did not exhibitfew residues in both N and C termini undergo structural
and motional changes upon DNA binding. Figure 2d significant line broadening effects, suggesting the intrin-
sic dynamic property of Lys 421 in the DNA complex.shows the backbone dynamics monitored by {1H}-15N
heteronuclear NOE measurements. These measure- Lys 421 might therefore form fluctuating hydrogen
bonds with A4 as well as with the phosphate group andments indicate that the N-terminal residues, Arg 378–Ala
382, are highly flexible and disordered in the absence G5. This kind of fluctuating recognition in the microsec-
ond-to-millisecond time scale has been proposed inof DNA and take up more rigid conformation upon DNA
Structure
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Figure 5. Structural Comparisons of the DNA
Binding Orientations of Various Domains with
Respect to DNA
(a) R2 of c-Myb is shown in red.
(b) D1 of Rap1p is shown in green.
(c) The Engrailed homeodomain is shown in
blue.
The DNA binding domain of TRF1 is shown
in yellow. In each figure, phosphate atoms
of DNA partly covered by each protein are
superimposed. This figure was generated
with the program MOLMOL [53].
DNA complexes of other DNA binding proteins, such as protein are added (Figure 4c). For a 13mer DNA with an
entirely different sequence (ns13), upon protein additionTFIIIA [34] and Antennapedia homeodomain [35].
the imino proton chemical shift changes are very small
and the line widths are kept sharp (Figure 4d). The results
Contribution of Individual Base Pairs
of these binding experiments with the mutated DNA
to Sequence-Specific Binding binding sites are summarized in Figure 4e.
In order to establish the contribution of each base pair Although in the structure of the protein-DNA complex
in the telomeric binding site used in the structural analy- the specific recognition of A4 is not seen clearly, two
sis to binding, we have examined the interactions of the mutants at the fourth position, from A to G as well as A
DNA binding domain with 19 different DNA molecules to T, lose the ability to bind specifically, confirming that
including single- or double-base-substituted mutants A4 is specifically recognized by TRF1. All mutants from
within the wild-type 13mer sequence. The analysis was G to C at the fifth to seventh positions also lose the
carried out by NMR after changes in the chemical shifts. ability to bind strongly. Thus, the stretch of three guanine
Figure 4a shows the binding of the wild-type DNA bind- bases is essential for the recognition of the TRF1 DNA
ing site (wt) with the DNA binding domain. The original binding domain to telomeric DNA. Three mutants at the
free-form resonances of the imino protons of DNA are eighth position from T to A, G, and C and two mutants
gradually reduced by the addition of protein, while a at the ninth position from T to C and G also lose the
new set of bound form resonances appears, which dem- strong DNA binding ability. Three mutants at the third
onstrates a slow exchange process on the NMR time position from T to A, at the ninth position from T to A,
scale and a tight binding condition. By contrast, a DNA and at the tenth position from A to T (Figure 4b) seem
binding site mutated at the fourth position from A to T to keep a relatively high binding affinity. However, a
(A4T) loses the strong binding affinity to the DNA binding double mutant at the third and ninth positions from A
domain so that the chemical shifts of DNA imino protons to T partly abolish binding. In the structure, A10 is not
directly recognized by any amino acids. A double mutantonly change gradually as increasing concentrations of
Tertiary Structural Unit of Human Telomeres
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Figure 6. Comparison of Backbone Recognition of DNA by DNA Binding Domains
(a) The TRF1 DNA binding domain.
(b) D1 of the Rap1p DNA binding domain.
(c) R2 of the c-Myb DNA binding domain.
(d) The Engrailed homeodomain.
at the fourth and tenth positions from A to T loses the backbone atoms of the TRF1 DNA binding domain in
the DNA bound form and the corresponding atoms ofstrong binding ability; however, the A10 position is not
the Rap1p subdomains, D1 and D2, are 1.66 and 1.58 A˚,essential compared to the A4 position in the telomeric
respectively.DNA sequence. In summary, the results of these experi-
Turn 2 of the TRF1 DNA binding domain is two resi-ments clearly indicate that the A4G5G6G7T8T9 se-
dues longer than the corresponding turn of each of thequence is an essential core for high-affinity sequence-
three repeats of c-Myb, and helix 3 of TRF1 is slightlyspecific recognition by TRF1 and are consistent with the
longer than the corresponding helix of each of the threepresent structural information and previous biochemical
repeats. In the Rap1p DNA binding domain, the linkerstudies [26, 27].
between the helices 1 and 2 is composed of nine resi-
dues in D1 and 54 residues in D2. This linker is disor-
Structural Comparison in Myb Domains dered and much longer than the corresponding turn of
and Homeodomains TRF1. The third helix of D1 is slightly shorter than that
As stated previously, the backbone architecture of the of TRF1. In contrast, the third helix of D2 is slightly longer
three helices of the TRF1 DNA binding domain is very than that of TRF1 and follows the fourth helix, which
close to the architectures of three repeats of c-Myb [19]; contacts with the first and third helices of D2.
the rms differences between the backbone atoms of Homeodomains consist of three helices, and the sec-
amino acids 383-398, 403-409, and 417-426 in the re- ond and third helices form a prototypic HTH motif. How-
fined averaged structure of the TRF1 DNA binding do- ever, the architecture of these three helices is rather
main in the DNA-free form and the corresponding atoms different compared to the architectures of the Myb do-
of each of the first, second, and third repeats of c-Myb mains. The rms differences between the TRF1 DNA bind-
in the DNA-free form and of the second and third repeats ing domain and homeodomains of Antenapedia, En-
in the DNA bound form are 1.17, 0.97, 1.05, 1.15, and grailed, Oct1, and Mat
2 in their DNA bound states are
1.14 A˚, respectively. The two subdomains of Rap1p take 2.46, 2.45, 2.44, and 2.50 A˚, respectively [30, 32, 36–38].
a little different structure compared to the typical Myb By contrast, the rms differences between homeodo-
mains, for example between the Antennapedia homeo-domain structure; the rms differences between the
Structure
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Figure 7. Comparison of Base-Specific Recognition of DNA Binding Domains
(a) the TRF1 DNA binding domain.
(b) D1 of the Rap1p DNA binding domain.
(c) D2 of the Rap1p DNA binding domain.
(d) The c-Myb DNA binding domain.
domain and Engrailed, Oct1, and Mat
2 homeodomains, DNA as shown in Figure 5b; the rms differences between
the backbone atoms of the three helical regions of TRF1are rather small at 0.34, 0.75, and 0.73 A˚, respectively.
together with the backbone atoms of DNA covered by
protein and the corresponding atoms of DNA bound D1Structural Comparison of the DNA Complexes
and D2 are 2.42 and 2.50 A˚, respectively. Both recogni-of TRF1, c-Myb, Rap1p and Homeodomains
tion helices of the two subdomians from Rap1p are lo-Although Myb domains, homeodomains, and the Rap1p
cated near to perpendicular to the helical axis of DNA;DNA binding subdomains all belong to the HTH family
the angles between the direction of the recognition heli-of DNA binding motifs, the geometry of their interactions
ces and the axis of DNA are 80.8 and 83.3 for D1 andwith DNA differs. Figure 5a shows a superposition of
D2, respectively.the TRF1-DNA complex and the R2 portion in the DNA
In general, the orientation of these domains on DNAcomplex of the minimal DNA binding domain, R2R3, of
appears to be determined by nonspecific interactionsc-Myb. The TRF1 DNA binding domain orientations, R2
with the DNA backbone. As shown in Figure 6a, in theand R3 with respect to DNA, are very similar; the rms
TRF1 DNA binding domain the phosphate backbone ofdifferences between the backbone atoms of three heli-
DNA is recognized by NH of Trp 403, the backbone NHcal regions of TRF1, together with the backbone atoms
of Ser 404, and NH of Lys 421 for one strand and byof the protein-covered region of DNA and the corre-
the guanidino group of Arg 415 and Arg 423 for anothersponding atoms of DNA bound R2 and R3, are 1.42 and
strand in the same interface; these amino acid residues1.38 A˚, respectively. The recognition helices of the TRF1
are conserved in both R2 and R3 of c-Myb (Figure 6c).DNA binding domain, as well as R2 and R3 of c-Myb,
In the two Rap1p subdomains, D1 and D2, the corre-are positioned nearly parallel to the direction of the major
sponding residues of Trp 403, Arg 415, and Lys 421 ofgroove of DNA; angles between the recognition helices
the TRF1 DNA binding domain are replaced by a tyrosineand DNA helical axes are 53.3, 53.1, and 45.6 for the
or phenylalanine, a histidine, and an arginine residue,TRF1 DNA binding domain DNA complexes, R2 and R3
respectively (Figure 6b). These residues, except for theof c-Myb, respectively.
histidine, are not involved in the phosphate recognition,In contrast, the orientation of TRF1 on DNA differs
from that of both of the Rap1p subdomains bound to resulting in different orientations of D1 and D2 onto
Tertiary Structural Unit of Human Telomeres
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Figure 8. Comparison of Structures and Electrostatic Potential Surfaces of DNA Binding Domains Bound to DNA
(a) The TRF1 DNA binding domain.
(b) The Rap1p DNA binding domain.
(c) The c-Myb DNA binding domain.
DNA molecules are shown in a wire model. The figures were generated with the programs MOLMOL [53] and GRASP [54].
DNA in comparison to the orientation of the typical Myb can bind to two recognition sites with extreme spatial
flexibility [26], which results in TRF1 inducing a higher-domains, R2 and R3 of c-Myb, and the TRF1 DNA bind-
ing domain. order structural change to DNA. Electron-microscopic
analysis supports this observation [26, 39]. Despite theFigure 5c shows a superposition of the DNA com-
plexes of TRF1 and the Engrailed homeodomain. The presence of a Myb domain in TRF1, the structure of
the protein-DNA complex presented here shows that aarchitecture of the DNA complex of TRF1 is even more
different from that of Engrailed homeodomain; the rms dimer of TRF1 binds differently to the c-Myb repeats.
Figure 7 schematically shows the comparison of base-differences between the backbone atoms of three heli-
cal regions of TRF1 as well as the backbone atoms of specific interactions of the DNA binding domains of
TRF1, Rap1p, and c-Myb, and Figure 8 shows the elec-DNA covered by protein and the corresponding atoms
of the homeodomains of Antenapedia, Engrailed, Oct1, trostatic potential surfaces of these DNA binding do-
mains bound to DNA. Figure 7d shows that the two DNAand Mat
2 are 3.69, 3.72, 3.78 and 3.71 A˚, respectively.
Figure 6d shows the phosphate backbone recognition recognition helices from R2 and R3 of the c-Myb DNA
binding domain are closely packed in the major grooveby the Engrailed homeodomain.
of DNA and recognize a single TAACNG sequence coop-
eratively [22]. As a result, a broad, positively chargedSpecific Surface Structures of the DNA Binding
Domains from TRF1, c-Myb, and Rap1p surface appears on the c-Myb DNA binding domain,
which ensures the high-affinity binding to the negativelyIt has recently been shown that the dimerized TRF1
having two DNA binding domains at each C terminus charged phosphate backbone of DNA as shown in Fig-
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Figure 9. A Model Structure of the TRF2 DNA Binding Domain Bound to Double-Stranded Telomeric DNA
This figure was generated with the program MOLMOL [53].
ure 8c. In contrast, the two subdomains D1 and D2 of domain. These results are in very good agreement with
previous biochemical analyses of the binding site [26,the Raplp DNA binding domain are spaced apart from
each other in the major groove of DNA when they bind. 27]. The amino acid sequence of the DNA binding do-
main of TRF2 is very close to that of TRF1 (55%, FigureFigures 7b and 7c show that D1 and D2 can each recog-
nize separate GGTGT sequences with the aid of an 1), and almost all amino acids that interact with DNA
in the DNA complex of TRF1 are conserved in TRF2.N-terminal arm that provides higher DNA binding affinity
and recognition of longer binding sites, such as homeo- Although TRF2 plays an essential role in the stable for-
mation of the t loop that protects the ends of telomeresdomains [24, 25]. In contrast, as shown in Figure 8b,
subdomains of both D1 and D2 cooperate with the linker [41], it is likely that the binding mode of TRF2 to double-
stranded telomeric DNA is almost identical to that ofbetween D1 and D2 and the flexible C-terminal tail after
D2 to form a strongly positive surface in the DNA com- TRF1. Based on the present structure, we have made
a model of the DNA binding domain of TRF2 bound toplex. D1 alone has no specific DNA binding ability, and
the deletion after D2 in the DNA binding domain of telomeric DNA, as shown in Figure 9.
Rap1p causes the loss of specific DNA binding ability
[40], so it is likely that the broad, strongly positive sur- Biological Implications
face is essential for the cooperative recognition of
Rap1p. However, the single Myb domain of TRF1 is The double-stranded repeats of telomeric DNA are
bound by specific proteins, such as Rap1p of buddingsufficient for the sequence-specific binding in vitro, and
the Myb domain of TRF1 alone has a strongly positive yeast and TRF1 and TRF2 of vertebrates. Containing at
least one Myb domain in their DNA binding domains,surface, as shown in Figure 8a. This enables the two Myb
domains of the TRF1 dimer to bind to two independent these telomeric proteins are structurally related to each
other. The Myb domain was originally identified in therecognition sites with extreme spatial flexibility [26]
while showing no significant cooperativity. c-Myb DNA binding domain, which consists of three
imperfect tandem Myb repeats. Each Myb repeat con-Based on the present structure, we could make a
model of the two DNA binding domains bound to two tains three helices. In the structure of the DNA binding
domain of c-Myb in a complex with DNA, the secondjuxtaposed sites of telomeric DNA in a tandem orienta-
tion. In the model, two DNA binding domains are sepa- and third repeats are closely packed in the major groove
of DNA and recognize the short consensus binding siterated by six base pairs and are arranged on the opposite
side of the DNA double helix without any steric clashes. TAACNG in a cooperative manner. The DNA binding
domain of Rap1p contains two subdomains, both ofPrior to the structural information presented here, a very
similar model was also derived by combining foot- which are structurally closely related to the Myb domain.
A long, flexible linker connects the two subdomains;printing data and a model structure of the TRF1 DNA
binding domain [27]. both recognize two core TGTGG sites separated by eight
base pairs and are arranged on the DNA in a tandem
orientation.Structure of the TRF2 DNA Binding Domain Bound
to Telomeric DNA In contrast, TRF1 contains only the single Myb domain
in its C terminus, and the isolated single Myb domainHuman telomeres are composed of long tandem arrays
of TTAGGG sequence motif bound by TRF1 and TRF2. can bind to double-stranded DNA of telomeres with a
significant affinity. The structure of the Myb domain ofThe NMR structure of the telomeric DNA complex of
the TRF1 DNA binding domain as well as the binding human TRF1 bound to human telomeric DNA reveals
that the single Myb domain specifically and fully recog-analysis using DNA mutants reveal that TAGGGTT is the
sequence recognized by a single TRF1 DNA binding nizes the telomeric sequence motif AGGGTT.
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were measured by a 3D HNHA [48] experiment. Slowly exchangingThe amino acid sequence of the DNA binding domain
amide protons were identified through a time series of 1H-15N HSQCof TRF2 is very close to that of TRF1, and almost all
spectra recorded after the lyophilized H2O sample was dissolvedamino acids that interact with DNA in the DNA complex
into D2O. DNA resonance assignment and intramolecular distanceof TRF1 are conserved in TRF2. Although TRF2 plays restraints were obtained from 2D NOESY, TOCSY, and DQF-COSY
an essential role in the stable formation of the t loop experiments with 13C- or 13C/15N-filtered pulse scheme [49]. Intermo-
that protects the ends of telomeres, it is likely that lecular distance restraints were obtained from 13C-edited (F1),
13C-filtered (F3) NOESY experiment and 15N-edited (F2), 15N/13C-fil-TRF2’s mode of binding to double-stranded telomeric
tered (F3) NOESY experiments [49]. All NMR spectra were processedDNA is almost identical to that of TRF1.
and analyzed with NMRPipe [50] and PIPP [51] software packages.TRF1 forms a stable homeodimer via the central TRF-
In the titration experiments, the DNA binding domain was succes-
specific/dimerization domain. The dimerized TRF1 hav- sively added into the 19 kinds of 13mer DNA molecules, including
ing two DNA binding domains at each C terminus can the wild-type sequence, single and double point-mutated se-
bind to two recognition sites independently with ex- quences, and, as a control, nonspecific sequence, in increments of
0.25 molar equivalents. The concentrations of DNA were approxi-treme spatial flexibility. This finding shows that there
mately 0.3 mM in 50 mM potassium phosphate buffer (pH 6.8) andis no cooperativity between the two recognition sites,
75 mM NaCl. The chemical-shift changes of base-paired imino pro-which should result in TRF1 inducing a higher-order
tons were monitored by 1D 1H spectra at 293 K.structural change to DNA.
Experimental Procedures Structure Calculation
Experimental distance restraints were derived from the cross-peak
Protein and DNA Preparation intensities in the NOESY spectra. Intra-protein NOEs were classified
The human TRF1 DNA binding domain, amino acids 371–439, with into four distance ranges, 1.9–3.0 A˚, 1.9–4.0 A˚, 1.9–5.0 A˚, and
a methionine residue at N terminus was overexpressed in E. coli 1.9–6.0 A˚, and intermolecular NOEs between protein and DNA moie-
strain BL21(DE3)pLysS (Novagen) by the use of a pET13A vector ties were classified into 1.9–3.5 A˚, 1.9–4.5 A˚, 1.9–5.5 A˚, and 1.9-
[42]. The cells were grown at 37C, and OD600 reached 0.4. 6.5 A˚, corresponding to strong, medium, weak, and very weak NOEs,
One millimolar isopropyl-1-thio--D-galactopyranoside (IPTG) was respectively. The intra-DNA NOEs were classified into five distance
added to induce protein expression. After an additional three hours ranges, 1.8–2.5 A˚, 2.3–3.5 A˚, 2.3–4.0 A˚, 2.5–5.0 A˚, and 3.0–6.0 A˚,
of culture, cells were harvested and resuspended in the buffer (50 corresponding to strong, medium strong, medium, weak, and very
mM Tris-HCl [pH 8.0], 5 mM EDTA, 1 mM PMSF, 1 mM benzamidine, weak NOEs, respectively. Pseudo-atom corrections were applied
and 5% glycerol). For isotope labeling, M9 minimal media containing to their upper limits. Hydrogen bond restraints within the protein
15NH4Cl (0.15%) and/or [13C]-glucose (0.2%) were used for culture. backbone were identified from slowly exchanging protons with sup-
The cells were lysed by sonication on ice and then centrifuged. The
plemental consideration of the chemical shifts and NOE connectivi-
supernatant was subjected to the preceding purification. The DNA
ties. Hydrogen bond restraints within DNA were used to maintain
binding domain was purified by ion exchange (P11, CM52; What-
the base pairs. Experimental torsion angle restraints were derived
man), gel filtration (Superdex 75; Pharmacia), and hydrophobic (phe-
from the 3JHN
 coupling constants as 90  φ  40 for 3JHN
 nyl sepharose; Pharmacia) column chromatography. The identifica-
5.5 Hz and160 φ80 for 3JHN
  8.5 Hz. Weak torsion angletion and purity of the sample was assessed with MALDI-TOF mass
restraints for DNA backbones, covering both A and B forms of DNA,spectroscopy and electrophoresis.
were employed so that the right-handed phosphate backbones wereEach strand of a 13mer duplex DNA with a sequence of 5-GTTAG
maintained without local mirror image conformations. The 
, , ,GGTTAGGG-3was purchased from Bex Co. Ltd. Both strands were
, and  torsion angles were restrained as 65  50, 175  50,annealed by cooling slowly from 90C in 50 mM potassium phos-
70  50, 170  50 and 100  50, respectively [52].phate buffer (pH 6.8). The homogeneity of the sample was assessed
Using the above distance and torsion angle restraints, we con-by the gel filtration.
structed the three-dimensional structures of both DNA-free and DNAThe DNA complex of the DNA binding domain was formed by
bound forms of the DNA binding domain as follows with the 4Dgradual addition of the protein into the DNA solution until the equal
simulated annealing (4D-SA) program EMBOSS [29]. For the DNA-molar ratio was reached. To avoid aggregation, we dissolved both
free form, the calculation was started with 100 randomly coiledprotein and DNA in 50 mM potassium phosphate buffer (pH 6.8)
conformations with the NOE-derived distance restraints, dihedralwith 100 mM NaCl, and the sample concentration was set to lower
restraints, and hydrogen bond restraints. Following 12,000 steps ofthan 1 mM before mixing. The solution was then concentrated, and
4D-SA, 3,000 steps of conjugate gradient energy minimization werethe salt strength was diluted by the use of centricon (Amicon), with
performed with the AMBER all-atom force field. The electrostatica 3 kDa cut-off membrane for the NMR experiments.
energy was included with a dielectric constant 2rij, where rij repre-
sents a distance between nonbonded atoms i and j. 25 out of 100NMR Spectroscopy
conformers without a distance violation greater than 0.3 A˚ and anyThe DNA-free form of the DNA binding domain was measured in
dihedral angle violation greater than 2 were selected for the final50 mM potassium phosphate buffer (pH 6.8) containing 100 mM
set of structures. For the DNA bound form, first 25 structures of theNaCl and 1 mM NaN3, and the DNA bound form was in salt-free
DNA binding domain were calculated in the same manner used insolution (pH 6.8) or 5 mM potassium phosphate buffer (pH 6.8)
the free form, with only the intra-protein restraints. The five bestcontaining 1 mM NaN3 in 10% (v/v) or 100% D2O. The protein concen-
individual protein structures were selected for the next docking step.trations of both samples were 1.5–2.5 mM. NMR experiments were
Second, the DNA binding domain and an idealized B form of 13mercarried out at 300 K for the DNA-free form and 305 K for the DNA
duplex DNA were docked by the 12,000 steps of 4D-SA, for whichbound form on Bruker DMX-600 and DRX-500 equipped with a triple-
the intra-DNA, inter-molecular, and intra-protein restraints were em-resonance gradient probe, as well as AMX2-500. Protein backbone
ployed. As the initial step of this procedure, the DNA binding domainresonance assignments were obtained from 3D HNCA, 3D
constructed in the preceding step and regular B form DNA areHN(CO)CA, 3D HNCO [43], 3D CBCANH, and 3D CBCA(CO)NH [44].
placed in five different orientations and separated by 50 A˚ fromProtein side-chain resonance assignments were obtained from 3D
each other. Next, each of the docked structures were subjected toHBHA(CO)NH [44], 3D C(CO)NH [45], 3D HCCH-TOCSY [46], 3D
further simulated annealing (9,000 steps), followed by 5,000 steps15N-edited TOCSY, 3D 15N-edited NOESY, and 2D homonuclear DQF-
of conjugate gradient energy minimization in the same manner asCOSY, TOCSY, and NOESY experiments. Stereo-specific assign-
above. Finally, 20 structures without any distance violation greaterments of H and methyl groups of Val/Leu residues were obtained
than 0.3 A˚ and any dihedral angle violation greater than 5 werefrom a combinatorial use of 3D HNHB [47] and NOESY experiments.
3JHN
 coupling constants for backbone dihedral angle φ restraints selected.
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